Oxyhemoglobin dissociation curves were determined in normal children and adults as a preliminary to a study of such curves in patients with cyanotic congenital heart disease. A comparison of the curves of normal children with those of normal adults showed that the dissociation curves of children tend to lie to the right of those of the adult. In order to confirm this observation, the study was extended to include more cases and a wide range of ages. Thi-s report presents the results of the study.
Oxyhemoglobin dissociation curves were determined in normal children and adults as a preliminary to a study of such curves in patients with cyanotic congenital heart disease. A comparison of the curves of normal children with those of normal adults showed that the dissociation curves of children tend to lie to the right of those of the adult. In order to confirm this observation, the study was extended to include more cases and a wide range of ages. Thi-s report presents the results of the study.
The report consists of a comparison between the positions of the oxyhemoglobin dissociation curves of the child and the adult in a group of 21 children two to ten years of age and 22 adults 21 to 45 years of age. In addition, it includes oxygen dissociation data for six newborn infants less than one day old, for a group of 15 older infants varying in age from 11 days to two years, and for a group of nine pre-adolescents, adolescents and post-adolescents from 11 to 20 years of age. The older infants were included in order to determine whether the slight shift of the curve to the right in childhood is greater in infancy. The older children were studied in the hope of determining the approximate age at which the leftward shift to the normal adult position occurs.
SUBJECTS AND METHODS
Subjects: The newborn infants were born at term by normal delivery. The older infants and children were carefully selected normals, free from circulatory, pulmonary or metabolic disturbances. The adults of the study were members of the laboratory, resident or medical staff.
Methods: The methods employed were essentially those described by D. B. Dill in the high altitude report of Keys, Hall and Barron (1) . Samples of blood (4 ml.) were equilibrated for 20 minutes at 37°C. in tonometers of approximately 325 ml. capacity which contained nitrogen, carbon dioxide at approximately 40 mm. tension, and oxygen in amounts designed to give one fully oxygenated 1This work was conducted under a grant from the Douglas Smith Foundation at the University of Chicago. sample (pO2 approximately 185 mm. Hg) and five points on the dissociation curve, usually between 20 and 90 per cent saturation. The samples when drawn were mixed with heparin and kept in ice water. After equilibration they were stored in sampling tubes over mercury and were kept in ice water until the analyses for carbon dioxide and oxygen by the Van Slyke-Neill manometric method (2) were completed. Analyses were completed within eight hours after drawing the sample. The oxygen and carbon dioxide concentrations of the gas phase of the tonometers were determined by Haldane analysis.
The pH,, of each equilibrated sample was calculated from the Henderson-Hasselbalch equation with values of pKe taken from the nomogram of Keys, Hall and Barron (1) . The experimentally determined relation of the oxygen pressure in the gas phase of the tonometer to the percentage oxygen saturation of the hemoglobin in the blood cells was in each case corrected to a constant pHe of 7.1 by use of the factor, Aloge O2=0.568, as given by Keys, Hall and Barron (1) .
The oxygen pressures corresponding to saturations of 30, 40, 50, 60, 70, and 80 per cent were determined for each individual by interpolation from a graph in which the logarithms of the oxygen pressures, corrected to a pH, of 7.10, were plotted against the corresponding percentage saturations. The approximately linear relation between percentage saturation and the logarithm of the oxygen pressure at this range of saturation facilitates interpolation. Table I gives for both children and adults the means and their standard errors, the standard deviations of distribution, and the "t" values which were calculated to test the significance of observed differences between the means of the PO2 values of children and those of adults at given percentage saturations. Figure 1 rate. The curve for the blood of children lies slightly to the right of the curve for adults. The differences between the mean P02 values for children and those for adults increase from 0.8 mm. at 40 per cent saturation to 2.7 mm. at 80 per cent saturation. These differences, while small, appear to be statistically significant according to Fisher's "t" test, with the possible exception of the difference at 40 per cent saturation. Although at a given percentage saturation the P02 values of many of the children and adults are identical, Figure 1 shows that with increasing percentage saturation the PO2 values for most of the adults studied are lower than those of all but the exceptional child. At 80 per cent saturation only two of the children showed PO2 values as low as those of 68 per cent of the adults. Figure 2 shows the distribution of PO2 values at 50 per cent saturation for the blood of a group of newborn and older infants. In agreement with previous studies reported in the literature (3, 4) the dissociation curve of the newborn infant was found to lie to the left of that of the normal adult. Individual variations were much smaller than in 
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FIG. 2. DISTRIBUTION OF PO, VALUES AT 50 PER CENT SATURATION FOR A GROUP OF Six NEWBORN AND 13 OLDER INFANTS
For comparison, the mean and the range of variation represented by two standard deviations from the mean, for children two to ten years of age, are shown by the solid and broken lines, respectively. any other group investigated. The one infant studied within the first month of life confirms the observation of Darling and his associates (4) that the shift to the adult position of the dissociation curve begins soon after birth. The blood of all but one of the infants one month of age or older gave PO, values at 50 per cent saturation which were within the range of variation found for children. The evidence at hand is insufficient, but the few cases studied suggest that the position of the dissociation curve of the blood of infants over two months of age does not differ from that of the child.
The plotted points in Figure 3 represent PO2 values at 50 per cent saturation for the blood of individuals between ten and 21 years of age. With one exception, that of an 18 year old male, all values lie either close to or higher than the mean for children two to ten years of age, but within the range of variation of that group. The results suggest that the dissociation curve of the blood may tend to lie slightly farther to the right during adolescence than it does during childhood. In the very limited data available there is no evidence that the shift leftward toward the adult position has begun before the age of 21 years. Because of the relatively large range of individual variation and the small difference between the mean position of the dissociation curve of adolescents and that of adults, an estimate of the time of transition from the adolescent to the adult position would require statistical treatment of data from many individuals between 16 and 24 years of age. DISCUSSION The methods of the Harvard Fatigue Laboratory have been used by a number of investigators to determine the position of the oxygen dissociation curve in the blood of normal adults. The mean position of that curve, as established by the present data, lies slightly to the left of those curves described in the reports of Keys, Hall and Barron (1) and Keys and Snell (5) for normal adult males and of Darling and his coworkers (4) for normal adult females. The mean dissociation curves of these three reports agree very closely. On the other hand, a similar curve, describing results secured by the same methods by Aste-Salazar and Hurtado (6) for residents at sea level in Peru, agrees essentially with the adult curve of our study although we found the range of individual variation to be greater.
Aste-Salazar and Hurtado were at a loss to know whether the difference in the position of their mean curve was due to technical variations in the methods employed or to racial or environmental variations. In the present instance effects of environmental and racial factors would seem to Z6 a be ruled out. The differences are probably not the result of sampling, for comparison at 50 per cent saturation, at which point individual data are given in all reports, shows that the blood of only one of our 22 adult subjects, who were chosen at random, showed a PO2 value as high as 26 mm. Hg, the average in all previous studies except that of Aste-Salazar and Hurtado. This suggests that variation in results from different laboratories is probably to be attributed to unknown technical differences. It is of interest to note that the points plotted by Drabkin (7), in which per cent HbO2 was based on direct spectrophotometric analysis and corresponding PO2 determinations were made directly on arterial blood "equilibrated" in vivo, agree more closely with the position of the dissociation curve determined from gasometric data in our laboratory than fromn data reported earlier.
The data reported here indicate a tendency toward increased affinity of hemoglobin for oxygen in the blood of the adult as compared with that of the child. The shift farther to the left in fetal blood may be attributed to the presence of a fetal type of hemoglobin which possesses greater affinity for oxygen than does the adult type. The existence of a fetal type of human hemoglobin which is different from the adult is now substantiated by a number of different methods: crystal structure of the HbO2, HbCO, and MetHb compounds, solubility behavior of these compounds, resistance to alkali denaturation, rate of spreading of monomolecular layers on the surface of a liquid, electrophoretic mobility, immunological behavior, amino acid composition, and the position of the tryptophane absorption band in the ultraviolet region of the spectrum. A number of reports contain extensive references to the literature on the subject (8) (9) (10) (11) (12) (13) (14) (15) (16) . The molecular weight of the fetal type is the same as the adult type of hemoglobin (15, 17) . The difference appears to lie in the globin part of the molecule (18) .
There have been reports in the literature, based chiefly on studies of resistance to alkali denaturation and of the rate of spreading of monomolecular layers on the surface of a liquid, to the effect that there are two different adult forms of hemoglobin (8, (19) (20) (21) (22) (23) (24) (25) . If such were the case, and if the two forms possessed different affinities for oxygen, the wide range of individual variation and the tend-ency toward increased affinity for oxygen in the blood of the adult could be explained by the varying proportions of the two forms. This question is still open. Jope and O'Brien (14) found no evidence of more than one component from solubility studies of human adult HbO2, HbCO, and MetHb. They also report that electrophoresis and ultracentrifuge studies on the same crystalline adult HbCO and HbO2 show the protein to be homogeneous.
Other factors which are known to cause a shift in the position of the dissociation curve are temperature, pH, CO2 per se, and electrolyte environment. The first three were controlled by the conditions of the experiment. Temperature was maintained at 370 C. during the equilibration, average carbon dioxide tensions in the tonometers were 37.6 mm. and 38.1 mm. Hg for children and adults, respectively, and the average pH, of the equilibrated blood samples from children was 7.09 as compared with 7.11 for those from adults. The effect of small variations in the pH, from 7.10 was eliminated by use of the correction factor of Keys, Hall and Barron (1) . In contrast, the electrolyte environment within the red cell offers a variable which cannot be controlled and about which comparatively little is known. The question of the nature of possible differences in electrolyte concentrations within the red corpuscle of the child as compared with that of the adult, and the effect of such differences on the dissociation curve of oxyhemoglobin must be considered.
The effect of electrolytes upon the dissociation curve has been recognized since the reports of Barcroft and Camis (26) and Barcroft and Roberts (27) in 1909. Sidwell and his colleagues (28) studied the effect of single electrolytes upon the oxygenation of purified human hemoglobin in solution at a pH of 6.8 and found that the inhibiting effect upon oxygenation varied with the individual electrolyte. Bicarbonate-CO2 and phosphate buffers were much more inhibiting than citrate, sulfate and chloride salts. They concluded that the inhibiting effect of electrolytes upon the oxygenation of purified hemoglobin was not due entirely to ionic strength but also to the coordinate attachment of anions about the iron atom of the hemoglobin molecule. They pointed out that at a pH of 6.8 carbamate formation of CO2 with hemoglobin does not occur. Hermann and col-leagues (29) have since shown that in the physiological range above 7.0 much of the bicarbonate effect can be attributed to the partial conversion of hemoglobin to a carbamino compound by reaction with free CO2. They found also that in the presence of bicarbonate and CO2 the effect of phosphate upon the oxyhemoglobin dissociation equilibrium almost disappeared. Studying the effect of cations, Hill and Wolvekamp (30) found that in dilute solutions of hemoglobin in phosphate buffers the potassium buffer shifted the dissociation farther to the right than did the sodium buffer. The results of Sidwell and colleagues (28) and of Hermann and associates (29) indicate that the influence of the potassium ion is not great. Table II summarizes values found in the literature (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) for the sodium, potassium and chloride concentrations within the red corpuscle. It is evident that a true comparison of the electrolyte concentrations in the red cell of the child and the adult must depend upon values determined in the same laboratory and by the same methods. The results of Erickson and colleagues (40) for the child suggest that the potassium ion concentration may be somewhat higher in the child's corpuscles, but that the sodium and chloride concentrations are probably similar. Since the potassium ion greatly predominates over the other cations in the red cell, it is conceivable that the higher concentration in the child may explain in part the decreased affinity of hemoglobin for oxygen in the blood of the child.
To our knowledge the literature contains no information concerning the bicarbonate concentration in the red cell of the child. Both Robinson's (41) study and results in our laboratory have shown that at a CO2 tension of 40 mm. Hg, the bicarbonate concentration in the plasma tends to be lower in children of six years or younger than in older children, and that the level in older children is in turn one milliequivalent per liter lower than in adults. The average age of the children whose dissociation curves were studied was slightly under six years. If the distribution of bicarbonate ions between cells and plasma is the same in the child as in the adult, it can be assumed that for a given CO2 tension the bicarbonate concentration would tend to be lower in the red cell of the child. According to the results of Sidwell and his coworkers (28) a higher bicarbonate concentration would be expected to decrease the affinity of hemoglobin for oxygen. Since the reverse was found, it must be assumed that any effect of the bicarbonate ion is counterbalanced by some other factor.
A consideration of the acid-balance within the red cell of the child suggests that the unknown anion residue, X-, is higher than in that of the adult, for the fixed base concentration appears to be higher because of the higher potassium concentration, while the sum of known anions tends to be lower because of lower bicarbonate and hemoglobinate with equal chloride concentrations. To what extent the affinity of hemoglobin for oxygen is influenced by the presence of such undetermined anions is unknown. In a study of anemias Litarczek, and his associates (42) found a relationship between the increased concentration of glutathione and the lowering of the oxygen dissociation curve. On the other hand Hill and Wolvekamp (30) reported that pure glutathione, in concentrations of 0.03 and 0.3 per cent, produced no shift in the curve of dilute human hemoglobin at a pH of 7.4, although the form of the curve became more Sshaped. Observations of McNamara and Senn (43) indicate that the red cells of children from two to 11 years of age contain less glutathione than is found in the red cells of adults. Any effect of differences in the glutathione concentration within the red cells would therefore appear to be in a direction opposite to the decreased affinity of hemoglobin for oxygen which has been observed in the blood of the child.
The work of Polonowski, Santenoise and Stankoff (44) suggests that certain hormones exert an effect on the affinity of hemoglobin for oxygen. If such be the case, the presence of a growth hormone may explain the decreased affinity of hemoglobin for oxygen in the blood of the child.
The slopes of the dissociation curves for the child and adult appear to differ slightly since they separate more widely as the percentage saturation increases but coincide at 30 per cent saturation.
When the data are plotted as log HbO against log P02, the slope of the best fitting straight line through the plotted points gives the value of "n" in Hill's equation for the sigmoid curve, Y= Kp n 1+Kppn Although this equation has lost its physical meaning since Adair's discovery (45, 46) that the molecule of hemoglobin contains four heme groups, it fits the data quite well for the range of saturation included in this study and gives a convenient estimate of the slope of the curve.
The mean "n" values were found to be 2.55 ± 0.05 for the child and 2.62 + 0.03 for the adult, with a "t" value of 1.24, a difference too small to be considered significant.
The adults of our study covered the age range of 21 to 45 years. There was no evidence of variation with age during those years. Dill and his associates (47) compared the position of the dissociation curve in a group of 12 men 57 to 81 years of age with that of a younger group of adults and found no difference attributable to age during adult life.
SUM MARY
The oxygen dissociation curve of the blood of the child, determined by the in vtro tonometer method, tends to lie farther to the right than does that of the adult, i.e., in the direction of decreased affinity of hemoglobin for oxygen.
The shift in position from that of the newborn infant, which lies to the left of the normal adult curve, to that of the child occurs within the first two months of life. BIBLIOGRAPHY 
